Introduction
Over the last several decades, the interest in organic thin films has been increasing because of their striking properties. Their relevance has been ina number of areas such as mechanics, electronics and optics comprising chemical, physical and biological sensors, coatings for chemical fibers and films, microelectronic devices, passivation of metals, nonlinear optical device, sacrificial layers, molecular devices, surface hardening of tool, spaceship components, etc. [1] [2] [3] . Thin films of organic compounds havepotential inflictions in various electronic devices including organic solar cells, LEDs, photo detectors, lasers and thin film transitions [4] [5] . The films which are prepared by plasma polymerization (PP) usually have improved quality and are uniform, adherent, thermally durable and free of pinholes [6] [7] [8] .
Polymer filmssynthesized by the PP techniqueare used as dielectric, optical devices and optical coatings to inhibit corrosion. Therefore, the study of their optical properties is of particular interest [9] . The plasma assisted method is the fastest developing area of research in thin film preparation from new polymeric materials that are almost impossible to prepare via conventional polymerization techniques. The usage of glow discharges to polymerize a variety of organic and organometallic compounds has been on the increase [10] . The PP technique has unique practical benefits including confirmative ultra-thin film preparation, excellent adhesion with substrate and chemically and physically viable surfaces [11] . This technique can be used to adhere thin films onto nearly all substrates. Moreover, it is not necessary to use solvent and complex geometries as adhesion can be achieved in one step.
Moreover, using this method it is possible to prepare thin films of organic materialsfrom any volatile organic or organometallic molecule [12] [13] [14] [15] [16] [17] . Commonly, a polymer synthesized by the PP method does not contain the structure of the onset monomers; consequently, to subsume the clearly-defined chemical functionalities of a precursor molecule, the deposition is normally performed under light states to decrease fragmentation modes. The significant techniques to acquire that kind of functional polymer films includethermal evaporation [18, 19] , solution cast [20] , electro-deposition [21] , plasma polymerization [22] [23] [24] , sol-gel [25, 26] , atomic layer deposition [27] , RF magnetron sputtering [28] [29] , ion beam sputtering [30] , plasma enhanced chemical vapor deposition [31] , chemical vapour deposition (CVD) [32] , and pulsed plasma CVD [33] was taken as monomer in this study. This is because FDH is a derivate of furan and is anticipated that it will offer thin films having fascinating properties in a plasma glow discharge. Although citations on the synthesis and structural, morphological, compositional as well asoptical characterizations of ac PPFDH thin films are carried out but the amount of studies are very limited and require more insightful analysis. As such this paper seeks a better understandingon the estimation of band-energy sharpness, Urbach-energy and steepness parameter of plasma polymerized PPFDH films using the UV-visible absorbance spectral distribution. In addition to these, structural, morphological and elemental analysis of the plasma polymerized PPFDH films are also reported. The electrical conduction mechanism of these films has been cited in our more recent study [50] .
Experimental details

Sample preparation
Themonomer
The monomer, 2-furaldehyde (FDH) in liquid formwas used as aprecursor in this research work andmanufactured by BDH Chemicals Ltd., Poole, England. The chemical structure of FDH is illustrated in Fig.1and its typical properties are stated in Table 1 .
Preparation of plasma polymer thin films
The monomer FDH was deposited onto glass substrates having dimension of (2.54×7.62×0.12) ×10 -2 m (Sail Brand, China) to produce PPFDH films using a cylindrical shape capacitively paired glow discharge system. 
Characterization technique
X-ray diffraction (XRD) analysis
X-ray diffraction patterns of PPFDH thin films were obtained using a Equinox 3000 
Fourier transform infrared (FTIR) spectroscopy
To study the chemical structure of the FDH and PPFDH, the FTIR spectra were recorded. The powder of the PPFDH was taken out from the PPFDH deposited onto glass substrates. A drop of liquid monomer was put in a KBr measuring cell to find the spectra of FDH while for recording FTIR spectra of PPFDH; pellets of KBr with 2% PPFDH powder were made. A dual beam FTIR spectrophotometer (SHIMADZU FTIR-8900 spectrophotometer, Japan) was used to record FTIR spectra of FDH as well as PPFDH at room temperature. The spectra were recorded in transmittance (%) mode in the wavenumber range 400-4000 cm -1 .
Scanning electron microscopy (SEM) and electron dispersive X-ray (EDS) analysis
Small pieces of chemically cleaned glass substrates were used to deposit PPFDH thin films for SEM and EDS analyses. A thin layer of gold was deposited on the PPFDH films via sputtering (AGAR Auto Sputter Coater) to eliminate the charging effect. A scanning electron microscope (Model: S-3400 N, Hitachi, Japan) was used to take SEM micrographs and EDSspectra of PPFDH films. The operating voltage, spot size and spatial resolution of SEM were 20 kV, 3 and 5 nm, respectively.
Ultraviolet-visible (UV-Vis) absorption spectroscopy
In the case of UV-Vis spectroscopic measurements, the PPFDH films were coated on the glass substrate havinga dimension of (18×18×2) mm (Marienfeld, Germany).The UV-Vis spectra of as-deposited PPFDH films were recordedby a Shimadzu UV-160A spectrophotometer (Shimadzu, Japan) at room temperature intransmittance as well as reflectance mode in the wavelength range 250-1050 nm. A blank glass slide was used in this experiment as reference.
Computational method
All calculations were performed using Gaussian09 [52] . The geometries of 2-furaldehyde was fully optimized with density functional theory (DFT) using B3LYP/6-31G (d,p) level of theory. Vibrational frequencies obtained for structural parameters of the monomer ( Fig. 3a ) and a few polymers ( Fig. 3a-3b ) of 2-furaldehyde presented in Table 2 were obtained using B3LYP/6-31G (d,p).
Results and discussion
Structural analysis of PPFDH
XRD analysis
In order to investigate the crystalline nature of PPFDH thin films, XRD measurements were taken. The XRD profiles of the as-deposited PPFDH thin films of thicknesses 100, 180, 250
and 300 nm are presented in Fig.4 . It is observed that there is no remarkable peak in the XRD patterns. It is therefore concluded that all these films are entirely amorphous in nature [53] .
FTIR analysis
The FTIR spectra of the monomer FDH and as-deposited PPFDH at different thicknesses are illustrated by A, B, C, D and E respectively in and theoretical predictions (see Table 2 and Table 2 for comparison. However, the IR stretching bands of the polymer (Fig. 3b) structures of 2-furaldehyde is also in good agreement with theoretical values (Table 2) as shown in Fig. 7 .
Morphological and elemental analysis of PPFDH
SEM analysis
SEM images of PPFDH films of different thicknesses were performed at 20 kV and with different magnifications of 25k× and 50k×, as illustrated in Fig. 8 and Fig. 9, respectively. From SEM analysis, it can be concluded that all of the PPFDH thin films surfaces are uniform and fracture free. It is also observed that there is no pin hole present in the as deposited films. Similar results have previously been reported [54] .
EDS analysis
The EDS connected to the SEM was used to study the compositionof the PPFDH films. The weight percentage (wt. %) of the different elements present in the monomer FDH as well as prepared PPFDH films are listed in Table 3 . The results confirmed the existence of 
Optical analysis of PPFDH
Spectral distribution of the transmittance and reflectance
The optical properties of the PPFDH thin films at various thicknesses were investigated by means of UV-Vis spectroscopy analysis in the wavelength region 250-1050
nm. The study of the optical absorption of the studied thin films, especially the absorption edge has proved very effective for determination of the electronic structure of thematerials. In this case, transmittance T(λ) and reflectance R(λ) spectra were studied for PPFDH thin films at 100 nm, 180 nm, 250 nm and 300 nm thicknesses in the wavelength range of 250-1050 nm at room temperature.The variation of T(λ) and R(λ) with wavelength, λarepictured in Fig. 10 and Fig. 11 , respectively. It is clear from Fig. 10 that, the optical transmittance increases with increasing wavelength but decreases with thickness of the PPFDH thin films and becomes almost constant at higher wavelength while reverse nature is observed for reflectance spectra.
Optical band gaps and band edge sharpness determination
The absorption coefficient, α can be calculated using the experimentally measured transmittance data for various λ corresponding to varied photon energies, hν at room temperature by the equation given below [55] :
where t is the thickness of the thin film. The change of α with λ for entire PPFDH samples is portrayed in Fig. 12 . It has been observed from Fig. 12 that the values of α monotonically decrease with increase of λ for all the as-deposited samples while absorption is found to be absent in the visible region which predicts the insulating nature of the films [56] . It also be noticed that the curves possess two distinct gradients in the experimental photon energy range. This may indicate the existence of direct and indirect optical transitions in the prepared films. These exponential falling edges may either be due to lack of long-range order or due to the existence of defects in the films. In case of materials which have crystalline and amorphous nature, photon absorption is found to be obey the Tauc equation of band-to-band absorption [58] . The values of Edq, Eiq and Ps for all PPFDH films are noted in Table 4 . It is observed that the value Edq is almost constant where as the value of Eiq decreases with increasing thickness except the sample having thickness 300 nm. This might be owing to the possible structural defects in the samples that incorporated during their synthesis [59] .
Urbach energy and steepness parameters of PPFDH films
Generally, the spectral reliance of α is investigated in the region of the photon energies under the energy gapof the films. That is in a region called Urbach spectral tail that indicates the gradient of the exponential edge. In the region of the Urbach spectral tail, the relation between α and photon energy, E can be revealed as [60] ,
where α 0 is a constant and E u the Urbach energy. The Eu can be worked out as the breadth of the exponential absorption border or as the breadth of the tails of localized states. The graph obtained by plotting lnα against hν should be linear whose gradient provides value of Eu. The lnα vs hν plots for all as deposited PPFDH thin films are represented in Fig.15 and the estimated values of E u are recorded in Table 4 . It is observed that the values of E u , the band width of the localized states, decreases as the thickness increases, except the film having thickness of 180 nm. This behaviour of the Urbach energy with thickness of the films was observed by Matin and Bhuiyan [42] and this nature may be obtained because of the reduction of the degree of disorder as well as the density of defect states [42, 61] . The steepness parameter, σ which represents the broadening of the optical absorption end because of the electron phonon or exciton-phonon interactions [62] , could be computed with the following relation,
where k is the Boltzmann constant and T the absolute temperature. In calculation of σ in this study, the value of T was 298K. The calculated values of σ are noted in Table 4 .
The value of α as well as λ can be used to find the values of extinction coefficient, K by using the simple equation,
The variation of K for PPFDH thin films with hν is shown in Fig.16 . The plot indicates the increasing nature of K with the increase in hν. This might be due to the probabilities of electron transfer across the mobilitygap.
Dispersion energy parametersof PPFDH films
The refractive index dispersion plays a vital role in the research for materials containing enhance optical properties, owing to the fact that it is a significant factor in optical communication and in designing devices where spectral dispersion is guiding factor.
Therefore, it is significant to work out dispersion parameters of the films [63] . Wemple and Didomenico [64] use a single-oscillator model to describe frequencydependent dielectric constant to find dispersion energy parameters. The dispersion parameters of the films were evaluated using the following relation [65, 66] ,
where n, hν, E0 and Ed is the refractive index, photon energy, oscillator energy and dispersion energy, respectively. The oscillator energy, E0 indicates the mean energy gap usually defined as the energy separation between the centers of both the conduction and the valence bands whereas dispersion energy, Ed is a measure of the mean strength of the inter band optical transitions and represents the natural electronic excitation spectrum. For semiconductors and insulators, where the K and n are related as K 2 << n 2 , the relationship between R and n is given by [67, 68] ,
For insulating materials equation (7) can be simplified and rearranged as follows,
The computed value of n with varied wavelength, λ is presented in Fig. 17 constant, ε∞ were evaluated by the straight forward classical dispersion equation [69, 70] ,
The (n 2 -1) -1 versus λ -2 was plotted in Fig. 19 
Where
= 0 is the average oscilator strength. The values of S0 and λ∞ were computed experimentally by the plot of (n 2 -1) -1 versusλ -2 as presented in Fig. 19 . The tangent of the straightline portion provides 1/ So and intercept at the infinite λ presents Table 6 . It is observed that obtained values changes with thickness of the synthesized thin films. Similar result were reported some other researchers [72, 73] .
Complex dielectric constant and Optical conductivity of PPFDH films
The complex refractive index ̂= + and dielectric function ̂= + indicate the optical characteristics of any solid materials. Therefore, it is important to investigate complex dielectric constant to find information about electronic structure of the deposited thin films. The real and imaginary parts of dielectric constant (εr and εi) of thin films can be evaluated by two subsequent equations [74, 75] :
= 2
The values of εr against λ of the deposited PPFDH samples is displayed in Fig. 20 while εi against λ of the same sample isillustrated in Fig. 21 . It is observed that both εr and εi decreases rapidly up to wavelength, 550 nm and then becomes zero which indicates the insulating nature of the films. Moreover, the plots of εr and εi against λ ensue the identical pattern and it is come into view that the values of εr are higher than that of the εi for all samples.
The dissipation factor, tan δ, can be determined by using the following relation [60] :
Where εr and εi is the real and imaginary part of the dielectricconstant, respectively. Fig. 22 depicts the variation of tan δ as a function of wavelength λ for all as deposited PPFDH thin films. It is found that the dissipation factor behaves anomalously with wavelength.
Optical response is most conveniently studied in terms of optical conductivity. The consequence of the variation of the optical conductivity with film thickness for as deposited PPFDH thin films were investigated to understand the optical response of the films. The optical conductivity, σopt is connected with the absorption coefficient, α, refractive index, n, and velocity of light, c by the following equation [76] :
The values of optical conductivity for all as deposited PPFDH thin films were calculated using eq. (17) and plotted with varied λ as demonstrated in Fig. 23 . It can be noticed that the optical conductivity reduces sharply up to wavelength 500 nm and then it become zero. The decrease of optical conductivity at higher wavelength is owing to the greater amount of absorbanceof PPFDH films at that region. In addition, it might be due to the fact that electron is excited by the energy of photon [77] . It is also observed that optical conductivity rises with rising film thickness which could be connected to the grown density of the localized states in the gap on account of the emergence of new defect states [62] .
Finally, the skin depth, χ of the PPFDH films was worked out employing the relation mention below [78] :
Where K is the extinction coefficient and λ the wavelength associated with incident photon.
The change of χ with photon energy, hν is presented in Fig. 24 and from this figure it is observed that χ decreases monotonically with hν for all samples.
Conclusions
In brief, uniform and fracture freeamorphous PPFDH thin films of 100-300 nm thicknesses were successfully prepared through glow discharge of FDH. The PPFDH samples contain asymmetric C-H and C≡C stretching bonds which form due to plasma Wavelength, λ (nm) 100 nm 180 nm 250 nm 300 nm Fig. 13 . The plot of (αhν) 2 vs hν, for all as-deposited PPFDH thin films. 
